The diheme enzyme MauG catalyzes oxidative post-translational modifications of a protein substrate, precursor protein of methylamine dehydrogenase (preMADH) , that binds to the surface of MauG. The high-spin heme iron of MauG is located 40 A from preMADH. The ferric heme is an equilibrium of five-and six-coordinate states. PreMADH binding increases the proportion of five-coordinate heme three-fold. On reaction of MauG with H 2 O 2 both hemes become Fe IV . In the absence of preMADH the hemes autoreduce to ferric in a multistep process involving multiple electron and proton transfers. Binding of preMADH in the absence of catalysis alters the mechanism of autoreduction of the ferryl heme. Thus, substrate binding alters the environment in the distal heme pocket of the high-spin heme over very long distance.
Keywords: electron transfer; ferryl heme; peroxidase; protein-protein interaction; proton transfer MauG is an unusual diheme enzyme [1] that catalyzes multiple oxidative post-translational modifications of a protein substrate [2] , a precursor protein of methylamine dehydrogenase (preMADH) [3] . These irreversible covalent modifications convert two Trp residues to tryptophan tryptophylquinone (TTQ) [4] , which serves as a catalytic and redox-active cofactor in the active MADH. The reactive form of MauG is a high-valent bis-Fe IV state [5] in which a high spin heme iron is present as Fe IV =O, and a low-spin heme iron is present as Fe IV with a distal axial ligand provided by a Tyr residue [6] . The bis-Fe IV state is relatively stable and spontaneously decays to the diferric state over several minutes [5] . This longevity is in part due to charge resonance stabilization in which Trp93, which is positioned between the hemes, mediates very rapid electron transfer (ET) between the hemes so that charge and spin is delocalized over the diheme system [5, 7, 8] . The preMADH substrate does not directly react with the ferryl heme (Fig. 1A) , but binds to the surface of MauG with the residues which are modified, Trp108 and Trp57, located 40
A from the Fe IV =O species [6] . The substrate is oxidized by long-range ET from the residues on preMADH to the high-valent hemes [9, 10] . The reactivity of the diheme system of MauG is strongly influenced by amino acid residues and ordered waters which are present in the distal pocket of the high-spin heme (Fig. 1B) . Mutations of residues of the heme pocket and alteration of the network of ordered waters [11] [12] [13] [14] have been shown to affect the redox reactions of the diferric state and the bis-Fe IV state of MauG.
This study addresses the question of whether binding of the preMADH substrate to MauG influences the properties of the hemes, despite the fact that the substrate binds 40
A from the high-spin heme iron.
Abbreviations CCD, charge-coupled device; ET, electron transfer; preMADH, a precursor protein of methylamine dehydrogenase; TTQ, tryptophan tryptophylquinone; WT, wild-type.
Studies were performed using the diferric form of MauG and the bis-Fe IV MauG. The rationale for examining the diferric MauG is that while the crystal structure of the complex of preMADH and MauG has been determined, it was not possible to crystallize either preMADH or MauG individually [6] . The structure of the preMADH-MauG complex shows the high-spin heme of MauG to be five-coordinate. However, there are waters in the proximity of the heme iron. Conversely, the previously reported resonance Raman spectrum of free MauG in solution indicated that a substantial fraction of the high-spin heme was six-coordinate [8] . The effect on the hemes of preMADH binding to diferric MauG was examined by resonance Raman spectroscopy, which can distinguish both the spin-state and coordination of the heme in solution. In the present study coordination of the hemes was compared in solution in the absence and presence of preMADH. When the bis-Fe IV MauG is formed in the absence of the preMADH substrate it undergoes autoreduction to the diferric state. This is a complex multistep overall reaction involving both proton and ETs (Fig. 2) . It is not possible to study the effect of preMADH binding on the autoreduction of bis-Fe IV MauG because once the proteins interact, the catalytic redox reaction occurs. To circumvent this problem, the interaction of the bis-Fe IV form of W199F MauG with preMADH was studied. This mutation was shown to have no effect on the structure of MauG or properties of the hemes, but to abolish the TTQ biosynthesis activity because residue 199 could no longer mediate ET via a hole-hopping mechanism [9] .
Evidence is presented that the binding of preMADH to MauG affects both the coordination state of the ferric high-spin heme, and the kinetic mechanism of the autoreduction of the bis-Fe IV hemes. A rationale for these complex-dependent effects on the hemes is presented.
Materials and methods

Materials
Homologous expression of wild-type (WT) MauG [1] and W199F MauG [9] in Paracoccus denitrifican, and the methods for the isolation and purification of the proteins were as have been described previously. Expression of pre-MADH in Rhodobacter sphaeroides and its purification were as described previously [3, 15] .
Resonance Raman spectroscopy of the diferric hemes
Resonance Raman spectra were recorded using a Raman spectrometer consisting of a Spex model 1877 triple spectrograph and a charge-coupled device (CCD) detector as reported previously [8] . A 406.7 nm line from an argonkrypton ion laser (BeamLok model 2080-KV; SpectraPhysics, Santa Clara, CA, USA) was used as the excitation source, and the Raman signal was collected in a 120°g eometry. The laser power was adjusted to~5 mW at the sample. Each spectrum was recorded with a 60 s accumulation time, and 10 repetitively measured spectra were averaged to improve the quality of the final spectrum. The frequencies of the Raman bands were calibrated using the standard spectrum of cyclohexane. Samples contained 0.2 mM MauG in 0.05 M phosphate buffer, pH 7.5, with 10% ethylene glycol either with or without 0.1 mM PreMADH. The m 3 bands were deconvoluted by the peak searching and fitting function of the LABSPEC software provided with the CCD detector (Horiba Instruments, Edison, NJ, USA) using a combination of the Gaussian and Lorentzian functions.
Absorbance spectroscopy and kinetic studies of the autoreduction of the bis-FeIV hemes Studies were performed in 10 mM potassium phosphate, pH 9.0 as described previously [16] . Formation of bisFe IV MauG was achieved by addition of stoichiometric H 2 O 2 to the diferric protein [5] . The reactions were monitored spectroscopically using a HP8452A diode array spectrophotometer run by the OLIS SpectralWorks/GlobalWorks software (OLIS, Inc, Bogart, GA, USA). Complete spectra were collected at each time point and a total of 1000 spectra were recorded during the time course of each reaction. The data were globally fit using the OLIS software to include the changes in absorbance at each wavelength with time in order to determine rate constants for the reaction steps. Data were reduced by factor analysis using the singular-value decomposition algorithm and then globally fit using fitting routines for alternative kinetic models provided in the software as previously described [17, 18] . This technique allows deconvolution of the complex kinetics and visualize the extent to which each species is present during the time course of the reaction.
Results
Effect of preMADH binding on the coordination state of the high-spin heme of ferric MauG
Resonance Raman spectroscopy is particularly useful for determining the coordination state of a heme iron and is well-suited for this study to enable data to be collected in solution rather than in the frozen state. Studies in solution also avoid potential freezing artifacts that cause changes in coordination state [19] [20] [21] .The 1350-1650 cm À1 region of the resonance Raman spectrum contains marker bands that reflect the spin state and coordination state of the heme irons Each spectrum is comprised of three components reflecting contributions from the six-coordinate high-spin heme (blue), the five-coordinate high-spin heme (red) and the sixcoordinate low-spin heme (green). The spectrum is overlaid as in black and the actual fit, which is nearly identical, is overlaid in purple. Plots of the residuals of each fit are displayed above the spectra in B and C. The intensity scale of the residual plot is the same as in the spectra.
[ . Inspection of this region of the resonance Raman spectra of MauG in the absence and presence of preMADH reveals that the presence of preMADH does alter the relative fraction of the five-coordinate and six-coordinate forms of the highspin heme (Fig. 3A) . In order to get a quantitative estimate of this effect the raw spectra were deconvoluted using LABSPEC Software as described under Methods (Fig. 3B,C) , and the area under each peak was determined. The fraction of the high-spin heme which is five-coordinate increases about three-fold from 9% in the absence of preMADH to 26% in the presence of preMADH. In contrast, the magnitude of the peak representing the six-coordinate low-spin heme is unchanged. This is expected for the low-spin heme as it has been shown that the His-Tyr ligation which is observed in the crystal structure [6] is retained in the oxidized, reduced and high-valent states [25] , and that external ligands including CO and NO bind exclusively to the high-spin heme [26, 27] . Thus, even though the low-spin heme is closer to the preMADH binding site (19 A), the effect of preMADH binding is specific for the high-spin heme which is 40
A from the binding site.
Effect of preMADH binding on the autoreduction of the bis-FeIV state
In the absence of preMADH, the bis-Fe IV state of MauG undergoes autoreduction to the diferric state. It has been shown that the source of electrons that In each case, fits to more complex models using additional intermediates or reversible reactions were either poorer or did not improve on the fit to the models were used. The spectra shown in panels A, B, D and E are reconstructions of the initial, intermediate, and final species from the analysis using the kinetic mechanism which best describes the data.
reduce the hemes are Met residues of MauG which become oxidized in the presence of H 2 O 2 and absence of preMADH [28] . The autoreduction occurs in three discrete steps involving electron and proton transfers (Fig. 2) [16, 18] . The first step is a proton transfer from solvent that generates a Compound I-like state. Reduction of the hemes does not occur until after this initial proton transfer redistribution of charge within the diheme system. The second step is a one-electron reduction generates a Compound II-like state. Then another one-electron reduction with loss of water yields the diferric state. The spectral changes associated with each step and the kinetics of the overall reaction have been characterized (Table 1 ) [16] . The assignments of the spectral features of the Compound I and Compound II intermediate states is based on extensive previous studies of heme proteins in solution using absorbance spectroscopy [29] [30] [31] [32] [33] [34] .
It is not possible to study the autoreduction of the bis-Fe IV state of MauG in the presence of pre-MADH because if preMADH is present it will react with MauG to generate the diferric state. Instead a W199F MauG variant was used. This mutation was shown to have no effect on the structure of the pre-MADH-MauG complex or properties of the hemes, but to abolish the TTQ biosynthesis activity because residue 199 could no longer mediate ET via a holehopping mechanism [9] . To confirm that it was appropriate to use W199F MauG instead of WT MauG, the autoreduction of bis-Fe IV W199F MauG was characterized. The kinetic plot which depicts the global fit of the overall changes in the entire spectrum of W199F MauG with time illustrates that the autoreduction is a three step process with rate of formation and decay of each intermediate (Fig. 4A -C and Table 1) ; similar to what was observed with WT MauG [16] .
When the bis-Fe IV state of W199F MauG is formed in the presence of preMADH, the autoreduction process is altered relative to what is observed without pre-MADH (Fig. 4D-F and Table 1 ). The autoreduction is converted to a two-step process with only the Compound II-like intermediate observed and no kinetically detectable Compound I-like intermediate. In the reaction with W199F MauG, the Compound I is evidenced by an increase in absorbance centered around 642 nm. This absorbance feature is consistent with the presence of compound I [29, [33] [34] [35] . This feature is difficult to observe in the overall spectra as it is relatively weak (Fig. 4B) . In Fig. 5 , the time course of the change in absorbance at 642 nm with time clearly shows the formation and decay of this species in W199F MauG in the absence of preMADH but not in the presence of preMADH.
Discussion
It is remarkable that the binding of preMADH to MauG alters the ligation of the ferric high-spin heme and the reactivity of the ferryl high-spin heme when the site of interaction is 40
A from the heme iron. However, it is noteworthy that while it was possible to crystallize the complex of preMADH and MauG, it was not possible to crystallize either protein individually [6] . This suggests that the complex formation stabilizes or alters the structures of each protein relative to the unbound state. The effect of preMADH binding on the mechanism of autoreduction of the bis-Fe IV state is very similar to the effect that was observed in a P107V MauG variant [12] . This mutation caused the autoreduction to proceed via a two-step reaction with no detectable Compound I-like intermediate, as was observed when preMADH was bound. A rational for the effect of the P107V mutation was inferred from the crystal structure of the pre-MADH-P107V MauG complex [11] . The mutation resulted in a shift in position of an a-helix containing residues 100-110. One consequence of this shift was to move Gln103 closer to the ferryl heme iron. Gln103 is believed to form a hydrogen bond with the oxygen of the ferryl high-spin heme [36] . It was proposed that this closer proximity caused by the P107V mutation results in a stronger hydrogen bond than present in WT MauG, which would allow the bis-Fe IV state to achieve a lower energy state comparable to the Compound I-like intermediate without requiring a formal proton transfer. It is possible that binding of preMADH could transmit a similar subtle conformation change to the heme pocket to yield this similar result.
The effects of complex formation-dependent alterations in the properties of the diferric and ferryl forms of the high-spin heme could be beneficial for the catalytic reactions. In diferric MauG, if pre-MADH binding shifts the equilibrium towards fivecoordinate heme from six-coordinate, then this would facilitate the binding of the O 2 or H 2 O 2 substrate to the heme iron. In bis-Fe IV MauG, if pre-MADH binding eliminates the requirement that the reduction of the hemes proceed through the Compound I-like intermediate, then the ET from pre-MADH may proceed without delay facilitating the catalytic process. In fact, whereas a lag time proceeds the first ET step during the autoreduction of bis-Fe IV MauG [16, 18] , no such lag is seen during the ET reaction from preMADH to bis-Fe IV MauG [37] . These results provide an example of how complex formation between proteins can impart subtle but important structural perturbations that modulate the catalytic or redox properties of cofactors and an enzyme active site environment.
